Introduction
Weathering and deterioration, namely corrosion, of iron and steel have been age-long problems that have faced mankind after the Iron Age. In modern times, highway bridge is an important part of the infrastructure and transportation system that allows a high level of mobility and freight activities. In the near future, the total number of aged bridges in Japan will steeply increase up to more than 20,000. To secure the longevity of steel bridges, therefore, is an important technological subject, which will benefit present society and future generations over the next few centuries.
Weathering steel containing a small amount of Cr, P and Cu spontaneously forms an adherent rust layer which protects the steel from the environment and reduces the corrosion loss for a long period. Thus, the weathering steel has dramatically increased the number of steel bridges being built in the last decades since the weathering steel does not require painting due to the formation of the protective rust layer during in service and large reduction of maintenance cost is expected.
The structure of the protective rust layer of the weathering steel has been studied by various spectroscopic techniques such as X-ray diffraction [1] [2] [3] and Mössbauer [4] [5] [6] spectroscopies. It has been revealed that the protective rust layer consists of ultrafine crystals of ferric oxyhydroxides and the protective effect is derived from the dense aggregation of ultrafine goethite which contains a certain amount of Cr, Cr-goethite. The increase in Cr concentration in the Crgoethite results in a decrease in the crystal size 7) and emphasis on the cation selectivity, 8) providing a high protective ability of the protective goethite rust layer against atmospheric corrosives.
Applying the weathering steel as bridge material, it must be recognized that the protective rust layer can form under regular wet-dry cycling in the environment without aggressive corrosives such as chloride ion. In other words, the longevity of weathering steel structures is closely controlled by the environments in which they are located. Moreover, the protective rust can be formed after several-year exposure, thus the initial corrosion increases mass loss of the steel.
In order to avoid the above mentioned problems of the weathering steel, promotion of the protective rust formation has been schemed employing a surface treatment that has been developed for the weathering steel. 9, 10) The surface treatment was designed to form the protective Cr-goethite nano particles employing the effect of Cr 2 (SO 4 ) 3 . Detailed concept of the surface treatment was addressed in literature. 9, 10) In the present study, we examine the structure of rust layer formed during 10 years on a weathering steel bridge to which the surface treatment was first applied in 1996.
Experimental Procedure

Rust samples
The rust layers examined were formed on a box girder of a weathering steel bridge of a highway located in a mountain area, 80 km away from the sea of Japan, in Gifu Prefecture, Japan. Little amount of airborne sea-salt particles is expected in the environment as will be argued later. The examined portion did not directly exposed to the rain because it is the middle one of the three girders underneath the slab of the bridge. The surface treatment promoting the protective rust layer formation 9, 10) was coated at 30 Â 10 À6 m thick to 0.5 m width of the box girder close to an abutment of the bridge in January 1996. This surface treatment consisted of butyral resin, usual paint pigments, H 3 PO 4 and Cr 2 (SO 4 ) 3 , diluted with a solvent, and did not contain protective Cr-goethite, as shown in Table 1 .
Rust samples were collected from the vertical member (web), the skyward surface of the lower horizontal flange (flange-skyward) and the earthward surface of the lower horizontal flange (flange-earthward) both of the surface-treatment and non-treatment (bare) portions in September 2005 approximately 10 years after the successfully application of the surface treatment. Because we collected samples from a bridge in service, collecting amount of the sample allowed was inevitably restricted to very small. Thus, in this experiment, we collected the samples less than a few mg for each portion using a precise razor until the steel surface become visible, and then ground into powder. The powdered rust sample was desiccated for several weeks in advance of the analysis. We also prepared pure -FeOOH (goethite), -FeOOH (akaganeite), -FeOOH (lepidocrocite) and Fe 3 O 4 (magnetite) powder samples by artificial method 11) for reference.
X-ray diffraction spectroscopy
The rust samples were characterized by means of X-ray diffraction (XRD) spectroscopy using SPring-8 BL19B2 synchrotron radiation. As was mentioned above, collected amount of samples were restricted to very small, a few mg, thus high brilliant synchrotron radiation X-rays were employed for obtaining higher quality XRD pattern. All the samples were firmly packed in a narrow Lindemann glass capillary (outer diameter 0.3 mm and glass thickness 0.01 mm) and positioned parallel to the X-ray beam with the linesegment shape sized 3.0 mm horizontal and 0.3 mm vertical. During the measurement, the capillary was continuously rotated at the rate of approximately 2 s À1 . The wave length of the X-ray was adjusted to 0.075 nm that corresponds to 16.46 keV which avoided higher background signals due to fluorescence and was low enough to obtain satisfactory resolution. The diffraction intensity was recorded to an imaging plate.
Results and Discussion
XRD pattern
The XRD patterns of the standard samples are shown in Fig. 1 . The relative peak intensities of the patterns are well consistent with the Powder Diffraction File 12) distributed by the International Centre for Diffraction Data. Figures 2, 3 and 4 indicate the XRD patterns of the rust layer collected at the bare and the surface-treatment coated portions of the web, the flange-skyward and the flange-earthward, respectively. The peak intensity was normalized using the strongest line ofFeOOH/(110) at 2 ¼ 10: 25 . Each diffraction peak was assumed as those of the iron oxide and oxyhydroxides shown in Fig. 1 . In addition, some pigments consisted in the surface treatment such as -Fe 2 O 3 , and Mg 3 Si 4 O 10 (OH) 2 were also observed in the rust layer of the coated portion. The peak intensities of those pigments are higher in the flange-skyward probably because easier accumulation on the outermost surface of the upper side of the horizontal member.
By comparing the XRD patterns between the rust layers of the bare and coated portions, it is clear that the peak intensity of -FeOOH is much lower in the coated portion. This implies that the formation of -FeOOH was encouraged and/ or crystal growth of -FeOOH was suppressed by the surface treatment.
Cornell and Schwertmann 13) pointed out that SO 4 2À ion has an -FeOOH promoting effect. Tamaura et al. 14) showed that with lower concentration of SO 4 2À ion air oxidation of Fe(OH) 2 suspension results in formation of Fe 3 O 4 , and that -FeOOH is preferentially formed at SO 4 2À ion concentra- 
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Intensity (a.u.) tion of 0.1 kmol/m 3 . Yamashita et al. 15) observed rust formation processes using synchrotron radiation X-rays and showed that -FeOOH was preferentially formed under the effect of SO 4 2À ion. Moreover, it was pointed out that Cr become a nucleus for the growth of -FeOOH 16) because Cr is less soluble in -FeOOH than in -FeOOH. Therefore, it can be said that Cr 2 (SO 4 ) 3 in the surface treatment promoted -FeOOH formation, actually the Cr-goethite formation, and suppressed growth of -FeOOH crystals on the weathering steel bridge.
In addition, existence of -FeOOH was also shown in Figs. 2, 3 and 4. The structure of -FeOOH consists of double chains of edge-shared FeO 3 (OH) 3 octahedra running parallel to give a tunnel bounded by double rows of corner shared chains. 13) This tunnel in -FeOOH can be stabilized by Cl À ion. Therefore, it is pointed out that a certain amount of airborne salt has been present at the bridge site originated probably from deicing salt sprinkled at surrounding areas since the bridge site is 80 km far away from the Sea of Japan.
The peak intensities due to -FeOOH at the coated portions of the web and the flange-earthward were lower than those at the bare ones, indicating that the surface treatment suppressed penetration of Cl À ion through the rust layer. It was pointed out on a basis of the X-ray absorption fine structure of the rust layer formed on weathering steel exposed to an atmosphere for 17 years that Cr 3þ in the protective Crgoethite rust layer is coordinated with O 2À and is located in the double chains of vacant sites in the network of FeO 3 (OH) 3 octahedra as a surface-adsorbed and/or intergranular ion in -FeOOH crystal; 17) this Cr 3þ site encourages cation selectivity of the protective Cr-goethite. The present results indicating that the surface treatment suppressed penetration of Cl À ion, showed that the Cr 3þ in the surface treatment promotes the formation of the Cr-goethite and gives the cation selectivity to the rust layer. Then, the cation selectivity suppresses the penetration of Cl À ion coming from atmospheric environment and thus the formation ofFeOOH is suppressed.
Kamimura et al. 18) pointed out by Mössbauer spectroscopic study of -FeOOH that the particle size decreases by the effect of SO 4 2À ion and Cr incorporation into -FeOOH. The obtained low diffraction intensity of -FeOOH at the coated portions might be partly due to those effects onFeOOH.
The peak intensities assigned to -FeOOH at the coated and non-coated portions of the flange-skyward were relatively high. This is highly likely due to accumulation of salt particles on the outermost surface of the flange-skyward just like the similar behavior of the pigments in the surface treatment.
Composition and the protective ability index
Analysis of the weathering steel bridge rust layer by XRD showed that this method can easily give the protective goethite fraction in the rust layer. It was shown that the fraction of -FeOOH is closely related to the corrosion rate of the weathering steel. Yamashita et al.
2) has shown strong correlation between corrosion rate and the mass ratio (=) of crystalline -FeOOH to -FeOOH formed under the environment without or low chloride concentration. When the = is more than a certain value, the corrosion rate of the weathering steel was suppressed less than 0.01 mmy À1 which is the acceptable corrosion rate of the weathering steel coated by the protective rust layer. Moreover, Yamashita et al., 19, 20) Shiotani et al. 21) and Kamimura et al. 11) have shown the correlation between corrosion rate and the mass ratio (= Ã ) of crystalline -FeOOH to the total mass of -FeOOH, -FeOOH and spinel-type iron oxide formed under chloride containing atmosphere. Those mass ratio indices, the = and = Ã , have been registered as the protective ability index (PAI) for the weathering steel rust layer.
11) Quite recently, Ishikawa et al. 22) have reported that the = is effective to assess the rust stability and the corrosion of Fe-Ni and Fe-Cr binary alloys is suppressed at the = > 2, which is in agreement with the case of weathering steels. 2,9,11,23) Figure 5 shows the =, the PAI in a low chloride environment, of the rust layer collected at the bare and coated portions of the web, the flange-skyward and the flangeearthward, where the mass fractions of -FeOOH, -FeOOH, -FeOOH and Fe 3 O 4 (M , M , M and M s respectively) were calculated using the diffraction intensity of each crystal phase (I , I , I and I s respectively) through the following equation,
ði; j ¼ ; ; ; SÞ where M iA , M jA and I iA , I jA are the mass fraction and the diffraction intensity of a bridge rust sample in the literature. 24) The diffraction intensities were obtained by integrating subdivided diffraction intensities in each 0.01 2-step of diffraction peaks of -FeOOH/9. À14:70 (220), after removing the background of the XRD pattern using Sonneveld-Visser method. 25) Multiple measurements on the same samples indicated that the experimental scattering of = value was within a few percent. The = of the rust layer at the bare portion ranges between 3-5. This value is comparable to typical value obtained for bare weathering steel coupons exposed underneath bridges for more than 10 years to a low chloride environment. 26) It is clear that the = of the rust layer at the coated portion is much higher than that at the bare portion. This indicates that -FeOOH was predominantly formed under the effect of the surface treatment as has been argued previously.
It is interesting to note that the = of the rust layer collected at the coated portions of the flange-skyward showed extremely high value. As was discussed above, the pigments in the surface treatment film tended to accumulate in the upper side of the horizontal member. In the same way, it is considered that the effective Cr 2 (SO 4 ) 3 in the surface treatment film promoting the protective rust formation ran off along the web plate and stayed on the surface of the flange-skyward for a long term. This stagnant accumulation of the effective compound on the steel surface results in the high value of the =.
Because the XRD patterns indicated the existence of a certain amount of airborne salt as discussed above, it is also worth considering the = Ã as the PAI in a higher chloride environment. The = Ã , calculated by the eq. (1), of the rust layer collected at the bare and coated portions of the web, the flange-skyward and the flange-earthward are shown in Fig. 6 . The = Ã behavior is in good agreement with the variation of the = except for the coated portion of the flange-skyward. It was pointed out in the previous section that accumulation of salt particles on the outermost surface of the flangeskyward resulted in relatively high -FeOOH intensity. This higher amount of -FeOOH decreases the = Ã at the coated portion of the flange-skyward. Nevertheless, the = Ã was increased by the effect of the surface treatment.
In conclusion, it can be said that the surface treatment worked well to promote the formation of the protective goethite rust layer, which resulted in increase in the PAI, for the weathering steel bridge during the 10-year exposure.
Conclusion
We have examined the structure of rust layer formed on a weathering steel bridge, to which the surface treatment designed to promote the formation of the protective Crgoethite rust layer has been applied, using X-ray diffraction spectroscopy at SPring-8 synchrotron radiation facility. The concluding remarks obtained were as follows. (1) The formation of -FeOOH was encouraged and/or crystal growth of -FeOOH was suppressed by the surface treatment. (2) The PAI, = and = Ã , was increased by the surface treatment. This indicates that the protective goethite was predominantly formed under the effect of the surface treatment. (3) It can be pointed out that the surface treatment worked well to promote the formation of the protective goethite rust layer on the weathering steel bridge.
